When host species colonize new areas, the parasite assemblage infecting the hosts might change, with some parasite species being lost and others newly acquired. These changes would likely lead to novel selective forces on both host and its parasites. We investigated the avian blood parasites in the passerine bird community on the mid-Atlantic island of São Miguel, Azores, a bird community originating from continental Europe. The presence of haemosporidian blood parasites belonging to the genera Haemoproteus, Plasmodium, and Leucocytozoon was assessed using polymerase chain reaction. We found two Plasmodium lineages and two Leucocytozoon lineages in 11 bird species (84% of all breeding passerine species) on the island. These lineages were unevenly distributed across bird species. The Eurasian Blackbird (Turdus merula) was the key-host species (total parasite prevalence of 57%), harboring the main proportion of parasite infections. Except for Eurasian Blackbirds, all bird species had significantly lower prevalence and parasite diversity compared to their continental populations. We propose that in evolutionary novel bird communities, single species may act as key hosts by harboring the main part of the parasite fauna from which parasites ''leak'' into the other species. This would create very different host-parasite associations in areas recently colonized by hosts as compared to in their source populations.
INTRODUCTION
There are many examples of pathogens establishing in new regions with devastating effects on the affected host populations and local biodiversity (Van Ripper et al., 1986; Mackenzie et al., 2004) . Less spectacular, but possibly even more common, is that pathogens introduced to a new region fail in establishing themselves in the new host populations. Often the outcome is a reduction in parasite prevalence and eventually in parasite diversity (Clay, 2003; Torchin et al., 2003) . Failure of establishment could be explained by founder effects, but it could also be a result of new incompatible hosts that act as ''sinks'' for the parasite, or due to new environmental factors unfavorable to the parasite or its vector.
Studies of parasite-host systems consisting of host populations founded in areas without any native parasites can help us understand how parasite communities are shaped in newly colonized areas. Such a system can be found on the volcanic mid-Atlantic Islands of the Azores. The Azores consist of nine islands, the largest of which, Sã o Miguel, is in the eastern part of the island group. The breeding terrestrial bird fauna of the Azores comprises bird species originating from the European continent (except the Island Canary, Serinus canaria, which has a Canary Island origin) where the species are nonmigratory or short-distance migrants and have overlapping distribution ranges. São Miguel is a result of volcanic activities that began about four million years ago (Moore, 1990) . Hence, the birds must have arrived on the Azores islands during the last few million years and some of the first established species are now designated as subspecies, including the Goldcrest (Regulus regulus azoricus), Eurasian Blackbird, (Turdus merula azorensis), Common Chaffinch (Fringilla coelebs moreletti), and Grey Wagtail (Motacilla cinerea patriciae). The Island Canary is not accorded subspecies status, although it belongs to the early arrivals group with an estimated colonization of the Azores about 650,000-725,000 years ago (Dietzen et al., 2006) . The Azores Bullfinch (Pyrrhula murina) has been assigned species status (Godman, 1866; Cramp and Perrins, 1994) . Other species have arrived or have been introduced within the last few hundred years, including the House Sparrow (Passer domesticus), European Goldfinch (Carduelis carduelis), and European Greenfinch (Chloris [Carduelis] chloris; Clarke et al., 2006) . A factor that could have enhanced the diversity and prevalence of parasites in the Azores bird community is an annual migration of birds; however Islands of Azores has no annual migration of passerines (Clarke et al., 2006) . This also means that the parasites in the Azores bird community have sustainable populations and are not a result of spillover from migratory birds passing through the islands.
Although some of the species on the islands have gained species or subspecies status, they all (except for the Island Canary) originated from continental Europe and thus share a common history, including having been exposed to the same parasite fauna. We investigated the prevalence, diversity, and host range of avian malaria (sensu Pé rez- and Leucocytozoon spp. in the bird fauna of the Azores and compared our findings with data from continental Europe.
Our primary aim was to understand how founder events may affect host-parasite communities. Avian haemosporidian parasites (Plasmodium spp., Haemoproteus spp., and Leucocytozoon spp.) are a highly diverse group of blood parasites that can be found on all continents except Antarctica (Valkiū nas, 2005) . These parasites are vector borne and show a wide range of host specificity. Some are exclusive to specific bird species (Reullier et al., 2006; Pé rez-Tris et al., 2007) , whereas others infect a wide range of species (Beadell et al., 2004; Hellgren et al., 2007; Krizanaskiene et al., 2006; Ricklefs and Fallon, 2002) .
By studying the bird community of Sã o Miguel, Azores, we investigated 1) the extent to which haemosporidian blood parasites have colonized the bird community and 2) whether the host-parasite community of the island is similar to that of the mainland or if new host-parasite associations have been established.
METHODS

Sampling and data collection
From 16 May 2007 to 16 May 2007, we caught birds at 13 locations on Sã o Miguel. Sample locations were distributed across the island to get a representative sample of the bird community of the whole island (Fig. 1 ). Birds were caught with the use of mist nets and banded, and a small blood sample was taken from the brachial vein. For each individual we did three blood slides for morphologic identification of blood parasites and the remaining blood was stored in SET-buffer (0.015 M NaCl, 0.05 M Tris, 0.001 M EDTA, pH 8.0) at room temperature before DNA extraction. Blood films were prepared on ready-to-use glass slides and were air dried within 5-15 sec after preparation. Smears were fixed in absolute methanol for 4 min on the day of preparation. Fixed smears were air dried and packed into paper bands. In the laboratory, the blood films were stained in a 10% working solution of a commercially purchased stock solution of Giemsa's stain (Sigma-Aldrich, St. Louis, Missouri, USA), pH 7.0-7.2, at 18-20 C for 1 hr.
The DNA was extracted from blood samples with the use of a standard ammonium acetate protocol (Richardson et al., 2001) . Each sample was screened for haemosporidian blood parasites of the genera Haemoproteus, Plasmodium, and Leucocytozoon with the use of the polymerasechain-reaction (PCR) -based protocol described by Hellgren et al. (2004) . The screening method consisted of two rounds of PCR. An initial general PCR that amplified parasites from all three genera was followed by two selective PCRs, one that amplified parasites of the genera Plasmodium and Haemoproteus and one that amplified parasites of the genus Leucocytozoon. The occurrence of parasites in an individual was determined by absence or presence of bands on an agarose gel. The agents were identified by sequencing the amplified 480-base pair (bp) fragment of the mitochondrial cytochrome b gene. The agent was assigned to a parasite lineage by comparing the obtained lineages with the records in the database MalAvi ) that contains mtDNA data for most published avian haemosporidian parasite lineages.
Prevalence and diversity comparisons
To compare the parasite prevalence and diversity of the parasite fauna in birds on the Azores with that of continental Europe, we used data from two continental European studies. One data set is based on morphologic examinations of parasites in European bird species (Scheuerlein and Ricklefs, 2004) . This data set (hereafter called the smear data set) was comprised of 3,634 individuals from eight of the 11 bird species we caught on the Azores and includes parasites from all three genera. The second data set is based on molecular screening and identification of Plasmodium and Haemoproteus infections and is hereafter called the PCR data set. This data set consists of 895 individuals from five of the bird species we investigated (Hellgren et al., , 2009 Pé rez-Tris et al., 2007) .
Differences in mean prevalence between the island and mainland populations were tested with the use of a pairedsample t-test. Prevalence values were first arcsine-square-root transformed. To compare the prevalence in single species the difference in prevalence was tested as differences in the proportions of infected individuals with the use of a chi-square (x 2 ) test. As the data sets are skewed in terms of number of investigated individuals (i.e., different sampling efforts), we also simulated 10,000 smaller data sets using the larger data sets for each of the investigated species to get 95% confidence intervals of the prevalence.
To get a comparable estimate of the difference in parasite diversity between mainland populations and the island population, we randomly generated comparable sample sizes with the use of the PCR data set. For each species, mean and standard deviations were obtained by using the data set with the most sampled individuals to randomly generate 1,000 data sets with the same amount of individuals as in the smaller sample size data sets.
An Olympus BX51 light microscope equipped with an Olympus DP12 digital camera (Olympus America Inc., Melville, New York, USA) and imaging software DP-SOFT (Olympus Soft Imaging Solutions, Munster, Germany; http://olympus-dp-soft. software.informer.com/versions/) were used to examine blood slides. Blood films were examined for 10-15 min at low magnification (4003), and then at least 100 fields were studied at high magnification (1,0003; Valkiū nas et al., 2008) . The representative blood slides were deposited at the Institute of Ecology, Vilnius University, Vilnius, Lithuania (accession numbers 47740-47769NS).
RESULTS
We caught 382 birds of 11 passerine species, representing 84% of the breeding passerine species on this island (Table 1) . Sample sizes per species ranged from one to 75 (mean 34 individuals/species, Table 1 ). Although sampling was conducted during a limited period and prevalence often fluctuates over the year (Cosgrove et al., 2008; Hellgren et al., unpubl . data) the timing of sampling was during the early periods of breeding, just after the rainy season when biting insects are active and parasite prevalence should be high.
Only four species on the island were found to be infected with blood parasites (either Leucocytozoon or Plasmodium). No Haemoproteus infections were found. Only Eurasian Blackbirds had a high prevalence of blood parasites (57% of the sampled individuals were PCR positive); other infected bird species had prevalences below 5%. In the species with low prevalence, all infections were confirmed by microscopy, thus eliminating risk of contamination or mislabeling of samples.
We found two lineages of Plasmodium (LINN1 GenBank DQ847270 and SYAT5 GenBank DQ847271) and two lineages of Leucocytozoon (TUME1 GenBank GU39-1353 and TUME2 GenBank GU391354, Table 1 , Fig. 2 ). The lineage LINN1 has been found in the Eurasian Linnet (Carduelis cannabina) in Sweden, the Eurasian Blue Tit (Cyanistes caeruleus) in the United Kingdom (Wood et al., 2007) , and the Eurasian Blackbird in France (Bentz et al., 2006) . The lineage SYAT5 has been found in Sardinian warblers (Sylvia melanocephala) in Italy, Blackcaps (Sylvia atricapilla) on the Canary Islands, American Robins (Turdus migratorius) in North America, and Eurasian Blackbirds in France (Bentz et al., 2006; Bensch et al., 2009 ) and Bulgaria (Dimitrov et al., 2010) .
The two Plasmodium lineages found in Eurasian Blackbirds in France and reported by Bentz et al. (2006) are only partly overlapping with the sequences used in this study (i.e., 110-base-pair [bp] overlap at the 39 end). Although full sequences are preferred for comparisons, no other Plasmodium lineage deposited in the database MalAvi had an identical overlap with LINN1 and SYAT5. The two Leucocytozoon lineages have not been recorded outside the Azores. The lineage LINN1 was exclusively found in Eurasian Blackbirds whereas the lineage SYAT5 was also found in a Common Chaffinch and a European Robin (Erithacus rubecula). Both the Leucocytozoon lineages were found in Eurasian Blackbirds and TUME1 was also found in one House Sparrow.
Comparisons with mainland populations
The overall prevalence of haemosporidians in the bird species from the Azores was significantly lower than that observed in samples from continental Europe (Fig. 3 , paired-sample t-test; continental vs. PCR data set: df54, t523.3, P50.029, vs. smear data set: df57, t523.12, P50.017). Except for the Eurasian Blackbird, all species sampled on the Azores had a lower prevalence than in continental Europe, although not significantly so in species with low sample sizes (Fig. 3) . The prevalence in the Eurasian Blackbirds on the Azores was as high or higher than in the continental populations (Fig. 3) . These patterns were similar also when comparing parasite diversity; most bird species had a significantly lower number of parasite lineages per bird compared to the continental Europe populations (Fig. 4) . The two Plasmodium lineages found in the Azorean fauna appears to be common also in the continental populations of Eurasian Blackbirds (Bentz et al., 2006; Bensch et al., 2009) . The most pronounced difference between populations was in the Blackcap, in which we found no parasites on the Azores, but we expected 11 parasite lineages based on the diversity in Continental Blackcaps (Fig. 4) . The only species with similar island (Azores) and continental haemosporidian diversity was the Eurasian Blackbird (Fig. 4) .
DISCUSSION
The Haemosporidian parasite community on the Island of Sã o Miguel, Azores, was distinct from that observed in the same bird species in continental Europe, both in terms of diversity and prevalence of infection in individual host species. These results are in accordance with the general idea that when host species establish in new areas there is a concomitant decrease in both prevalence and diversity of parasites. Possible explanations for this decrease are 1) only a fraction of the parasites is introduced along with the colonizing birds (Clay, 2003; Torchin et al., 2003) , or 2) the new area is less suitable in terms of biotic or abiotic factors (e.g., lack of vectors or differences in temperature or humidity). The same factors have been suggested to be responsible for the observations that the distribution of most haemosopridian parasites are restricted to continents see, however, Beadell, 2006) . The pattern of parasite loss was not consistent across bird species. The prevalence and diversity of parasites for the Eurasian Blackbird in the Azores was similar to that in continental Europe. Moreover, the blackbird seems to be a key-host species for the parasite lineages we observed in low prevalence in some of the other passerine species on the Azores. In Europe, the Eurasian Blackbird carries high parasite loads, not only for avian malaria, but also for other parasites such as Borrelia spp. (Hatchwell et al., 2000; Taragelova et al., 2008) . 3,4,5,6,8,9 3,4,8 1,3,5,6,8,9 3,8 a Species with subspecies status on the island.
b Species not occurring on continental Europe.
c Numbers correspond to sites identified on Figure 1 .
FIGURE 2. Lineages of Plasmodium, Haemoproteus, and Leucocytozoon found in the bird species studied. { designates lineages found on the Island of Sã o Miguel, Azores, and in the same bird species in continental Europe. { indicates that the parasite has been found in other bird species in continental Europe. Underline, italics, and boldface indicates that the parasite only has been found on the Azores. P 5 Plasmodium, H 5 Haemoproteus, L 5 Leucocytozoon. For Genbank accession numbers see Bensch et al. (2009) .
Comparison with continental European populations
The Eurasian Blackbirds on the Azores have two parasite lineages that are relatively common in this species' Western European populations (Bentz et al., 2006; Bensch et al., 2009) , and it is therefore likely that these parasite lineages came to the Azores with the colonizing Eurasian Blackbirds. In none of the other sampled species did we find parasites that occur in the corresponding continental Europe populations.
There have been several reports of low prevalence and loss of parasite diversity in island populations of birds, both in natural island bird communities as well as in bird species introduced to islands (Istiaq et al., 2006; Svensson and Ricklefs, 2009) . Hence, parasite faunas on islands have been suggested to have relatively quick turnover rates, caused by invasion of new parasites and extinction of local lineages (Fallon et al., 2004) . These differences in community turnover rates could make it more difficult to compare island communities with more stable continental host communities. Still, the finding of a depauperate parasite community on islands is not a general pattern; there are several examples where no decrease in prevalence and species diversity of parasites has been observed (Istiaq et al., 2006; Svensson and Ricklefs, 2009) . Furthermore, the overall prevalence of avian malaria between Islands across geographically discrete locations is relatively stable, although the composition of lineages varies across the same locations (Fallon et al., 2003) . This again suggests turnover in individual lineages but constant prevalence. There are some main differences between these studies and ours. In the former cases the islands studied were located closer to mainland populations and experienced regular seasonal migrations of passerine hosts. The Azores are effectively isolated from the mainland populations of continental Europe such that few, if any, FIGURE 3. Comparison of haemosporidian parasite prevalence in the bird fauna of the Azores and the same bird species in continental Europe. The prevalence in the Azorean birds (black bars) was compared with two data sets; one was comprised of prevalence data obtained by polymerase chain reaction (PCR; white bars) and the second data set was comprised of prevalence data obtained from microscopy (grey bars). Dash (-) indicates that no data were available from the European data sets. n.s. 5 not significant; inf. 5 infected. ***P,0.001, *P,0.05. passerine migrants pass through the islands. This could explain the lower prevalence and diversity in many of the bird species on the Azores.
On the Hawaiian Islands, an island group also isolated from mainland populations, the parasite diversity is also very low, with only one identified malaria lineage (GRW4), although it was found at relatively high prevalence . It would be informative to investigate the parasite communities on the other islands of the Azores archipelago to see if the pattern on Sã o Miguel is general for all the islands. Our results may support the idea that the loss of parasites during a colonization event, or gain of parasites once established in a new area, is not evenly distributed across species, but might depend on random as well as ecologic and evolutionary factors.
The skewed distribution of parasites across bird species is unlikely to be explained by sampling effort or local distribution of lineages (Wood et al., 2007) , because the parasite lineages that we found were distributed across Sã o Miguel (Fig. 1) and infected Eurasian Blackbirds were found on seven of the eight sampling locations (i.e., caught in the same mist nets as the other bird species). A lower prevalence of haemosporidian parasites on São Miguel could be expected if the bird species had small population sizes there, thus reducing the rate of parasite transmission. However, the species we studied on São Miguel occur at very high densities, much higher than in continental Europe populations (Hellgren and Bensch, unpublished data) .
It appears that the only two Plasmodium parasites that have become established in the Azores avifauna are those that occur in contemporary populations of continental Europe Eurasian Blackbirds. Hence, whereas all other investigated passerines on the Azores had lower prevalence and diversity compared to the mainland populations, the Eurasian Blackbird retained a high parasite burden. So why have the blackbird malaria lineages become established on the Azores and numerous lineages found in the continental populations of the other bird species have not (cf. Pé rezTris et al., 2007) ? One possible explanation would be if the blood sucking dipteran community on the Azores mainly contains species that specialize on Eurasian Blackbirds, which would restrict transmission to other species (Hellgren et al., 2008; Malmqvist et al., 2004) .
The fact that all four of the parasite lineages we found seem to have Eurasian Blackbirds as their main host, and these parasites belong to two genera with different vectors, suggests that all of the vector species have developed host preference for blackbirds. We believe this to be unlikely and question the role of vector host specificity as the sole explanation for the parasites being restricted to Eurasian Blackbirds. The patterns observed are likely to have multifactorial explanations, including factors such as the colonization history of the host species and the size of the founding population.
Our data suggest that no Haemoproteus parasites have become established on the Azores, even though they are often the most prevalent blood parasites in continental European passerine populations. Because the three different haemosporidian genera have different vectors (Valkiū nas, 2005) , the most plausible explanation might be that suitable Haemoproteus vectors (i.e., different species of biting midges, Ceratopogonidae spp.) are absent on the Azores. It would therefore be of great interest to know more about the vector community of São Miguel. That the two lineages of Leuzocytozoon to date only have been found on the Azores does not necessarily mean that they are newly evolved or endemic to the Azores. A more likely explanation is that screening for Leucocytozoon has been considerably less extensive in European populations than screening for Plasmodium and Haemoproteus. This difference in screening is mainly due to a time discrepancy between the development of the different molecular identification methods for different parasite genera (Bensch et al., 2000; Hellgren et al., 2004) Key-host and spillover effects For avian haemosporidian parasites there might not necessarily be a trade-off between being a host specialist and its ability to reach high prevalence in several host species. Avian haemosporidian parasites can vary in their degree of host specificity, and a broad host range might even increase the general transmission rate leading to a high prevalence in several host species (Hellgren et al., 2009 ). However, given the low prevalence we found in bird species other than the Eurasian Blackbird, it is more likely that the parasite populations on the Azores are relying on the Eurasian Blackbird as a key host and that the parasites sometimes spill over into the other less frequently parasitized, and perhaps (for the parasite) suboptimal host species. The parasites found in Eurasian Blackbirds on the Azores (LINN1, SYAT5, and TUMER1) were also found in some other passerine species (although LINN1 only in bird species found in continental Europe). Hence, these parasites have the ability to infect individual birds belonging to species across a broad taxonomic range, but on the Azores appear for unknown reasons to achieve high prevalences only in the Eurasian Blackbird.
Our finding that parasite communities can be maintained by a single (or a few) key-host species is of importance for assessing the potential impact that introduced species may have on native species (Daszak et al., 2000; Power and Mitchell, 2004) . By identifying key hosts in areas where introduced species have brought with them parasites that harm the native fauna, it might be possible to reduce or even remove the key-host species. This removal may in turn result in a collapse of the parasite community, because it is unlikely that the parasite can sustain itself in other less compatible host species in which the prevalence is low and negative fitness effects potentially are high.
Our study highlights the concept that when new parasite-host communities are formed in newly derived communities, the resulting pattern might be more complicated than just a decrease in parasite prevalence and a loss of parasite diversity. Instead, newly formed parasite-host communities may be affected by a number of properties both in the host and in the parasite, such as host specificity of the parasites, the vector community, vectorhost compatibility at the colonized area, the succession of host-species introductions, and the occurrence of key-host species. All these factors will interact to shape the host-parasite community, and our study points towards the importance of key-host species for the maintenance of such newly formed parasite communities. As the Azores consist of many different islands of different ages and sizes, it would be of interest to further investigate how the patterns observed in this study are conserved across the islands and the extent to which population size and age of the communities have shaped the parasite community.
